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ABSTRACT
A class of the magnetostrictive iron-cobalt/nickel clad plate cantilever is prepared in this study. The relevant ability for harvesting vibration
energy is systematically investigated in comparison with the single iron-cobalt cantilever. In addition, the effects of the magnitude of bias
magnetic field (i.e., external magnetic field) and the magnetization angle on the energy-harvesting performance are considered. The results
indicated that the iron-cobalt/nickel clad plate cantilever exhibits far greater power generation compared with that of the single iron-cobalt
cantilever. Besides, the iron-cobalt/nickel clad plate cantilever displayed high sensitivity to the magnitude of bias magnetic field and the mag-
netization angle. In more detail, the output voltage of the iron-cobalt/nickel clad plate cantilever peaks at a point even while the bias magnetic
field constantly increases. A theory of dynamic balance can explain this phenomenon. Meanwhile, the resonance frequency of the iron-
cobalt/nickel clad plate cantilever is proportional to the bias magnetic field due to the influence of the elastic modulus variation. This work
provides insights into the exploration and design, not only of the vibration-energy-harvesting components but also of the sensitive detectors.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5111351
Magnetostrictive materials have been attracting a great deal of
consideration in sensors, actuators, and energy harvesters.1–3 Because
of its special characteristic in energy conversion, this kind of material
has been widely studied as a magnetomechano-electric conversion
component in self-powered microsystems, Internet of Things (IoT),
and microdetectors.4,5 In recent years, the performance of magneto-
strictive materials in energy conversion obtains a great improvement
through fabricating various magnetostrictive composites.6–8
Traditional magnetostrictive materials such as Terfenol-D,
which has great magnetostriction, have been gaining noticeable
attention for use in sensors. However, the extreme brittleness9,10
hinders their further application, specifically in harvesting energy. To
improve their mechanical properties, some researchers11,12 have
proposed methods for the preparation of different composites. These
composites show a significant improvement in mechanical properties;
however, this is at the expense of lower magnetostrictive properties. As
a result, the harvesting performance has only a limited increase.13 In
addition, another alloying magnetostrictive material FeGa, namely,
Galfenol alloy, exhibits considerable magnetostriction, making it a
potential candidate. Nevertheless, the difficulty in machinability and
the fabrication cost restrict its wide industrialization.14–16 In addition
to these two dominant materials, certain materials such as amorphous
Metglas and constituent FeCo exhibit excellent energy-harvesting
ability.17–19 In particular, the easy-producible FeCo alloy has a promis-
ing application in industrialization.
On the other hand, a consensus has been widely accepted that
the bias magnetic field is essential for the magnetostrictive materials in
energy conversion.20,21 According to the characteristics of magneto-
strictive materials, a bias magnetic field can rotate a domain or move a
domain wall through changing the magnetic moment within the mate-
rial, which then gives rise to an exterior shape change, and vice versa.
During this process, the magnetomechanical energy conversion is real-
ized. Furthermore, a pickup coil, enclosing the magnetostrictive mate-
rial, is capable of generating electric energy through Faraday’s law to
eventually realize the magnetomechano-electric energy conversion.
Although almost all the work has utilized the bias magnetic field, the
effects of its detailed parameters (e.g., magnitude) on conversion effi-
ciency were not clear.22,23 In energy harvesting, based on the magneto-
striction curve, there is generally an optimal value for the bias
magnetic field, leading to maximum output. Thus, it is necessary to
measure the variation of output power, for the bias magnetic file, in a
changeable range instead of certain constant points. Besides, the easy
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magnetization axis is usually employed for evaluating the ability of
power generation, namely, in the d33 model.
24 However, in practical
applications of magnetostrictive sensors or harvesters, the direction of
the bias magnetic field often exhibits a slight deviation because of
ambient influences such as vibration and movement. Moreover, the
variation of magnetization or output power, in response to the magne-
tization angle, also provides possible uses in certain exterior magnetic
or mechanical detectors. As a result, an investigation showing the rela-
tionship between output performance and magnetization angle could
provide a theoretical basis and an experimental exploration in the
design of relevant detecting components.
In this study, a class of the FeCo/Ni magnetostrictive clad plate
cantilever is prepared. The power generation abilities of both the
FeCo/Ni clad plate and single cantilevers are compared. This work is
aimed at evaluating the design and performance of the magnetostric-
tive clad plate cantilever in harvesting energy. In addition, the effects
of the magnitude and angle of the bias magnetic field on magnetiza-
tion or power generation are systematically examined, specifically
in the area of sensitivity. Therefore, this work offers practical and
theoretical ideas regarding the design and application of detectors in
detecting exterior magnetic and mechanic energy variations.
A class of iron-cobalt (FeCo)/nickel magnetostrictive clad plate
cantilever was prepared in this work. Thermal diffusion bonding was
employed to bond the FeCo and Ni sheets that had already undergone
thermal and cold rolling. Following this, the FeCo/Ni clad plate was
processed into the experimental cantilevers with dimensions of
70 5 1mm. Here, a single FeCo cantilever was introduced to
enable the characterization of the merits of the clad plate cantilever in
harvesting vibration energy. The dimensions of the single FeCo canti-
lever are the same as those in FeCo/Ni clad plate cantilever. The physi-
cal assembly and schematic for harvesting vibration energy are
illustrated in Fig. 1. The detailed properties of FeCo and Ni were
shown in Table A1 and Fig. A1 (see the supplementary material). A
proof mass of 5.1 g was positioned at the free end of the cantilevers to
adjust the resonance frequency. A pickup coil with 1 105 turns, a
resistance of 119 kX, and a diameter of 0.025mm encloses the magne-
tostrictive cantilever, where the effective power-generating part is
approximately 40mm in length, as shown in Fig. 1(c). A functional
generator (GDS-3504, Good Will Instrument Co., Ltd.) was used to
provide a sinusoidal signal which subsequently drove a bending vibra-
tion shaker (m030/MA1; IMV Corporation, Japan). Here, first, the
output performance of the FeCo and FeCo/Ni cantilevers with respect
to the input frequency was compared at a load resistance of 119 kX.
An exterior biasing magnet was employed to provide a powerful bias
magnetic field in consideration of the relatively high saturated magne-
tization of the FeCo alloy.25 Here, it must be emphasized that the bias
magnetic field in this study represents the external magnetic field B0.
On the other hand, to examine the effects of the magnitude and angle
of bias magnetic field, the extra coil windings (240 turns and the
diameter of 175mm) instead of the magnet enclose the harvesting
setup to offer a changeable bias magnetic field B0 in the range from 0
to 7mT [Fig. 1(a)]. The energy harvesting setup here was under an
opening electric circuit without any rectifier or load resistance. In
particular, the harvesting setup was positioned on a removable stage,
thus enabling the magnetization angle h to be changed, with the rota-
tion of the stage, from 0 to 80. The coordinates showing the relation-
ship among every vector are illustrated in Fig. 1(b), with the z-axis
being the axial direction along the length of the FeCo/Ni clad plate
cantilever, namely, the easy axis to be magnetized. Here, the direction
of bias magnetic field was assumed to be along the x3 direction. Thus,
the angle between the z and x3 directions is referred to as the magneti-
zation angle h.
The abilities for harvesting vibration energy between the FeCo/Ni
clad plate cantilever and single FeCo cantilever were compared. To
identify the optimal resonance frequency, Fig. 2 shows the correlation
between the input frequency and the output voltage/power of these
two cantilevers, (FeCo/Ni and single FeCo), in the range from 40 to
60Hz at an amplitude of 0.05mm. In this way, it indicated that the res-
onance frequency of FeCo/Ni was about 50Hz. The input frequency of
the single FeCo was adjusted to the same frequency of 50Hz. From
Fig. 2, the maximum output voltage and power of the FeCo/Ni clad
plate cantilever are about 29.77V and 7.45 mW, respectively. In con-
trast, the harvesting performance of the former is far greater than that
of the single FeCo cantilever, by factors of approximately 6.35 and
FIG. 1. (a) Physical assembly, (b) coordinates showing the vector directions, and
(c) schematic for the experiment setup.
FIG. 2. Output powers and voltages as a function of the frequency of the FeCo/Ni
clad plate and single FeCo cantilevers.
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40.29, respectively. The correspondingmechanism is related to the differ-
ent magnetostrictive properties of FeCo and Ni in response to the outside
loadings (e.g., bias magnetic field or tension/compression). The details
with respect to this phenomenon have been previously reported.26
To determine the effects of the magnitude of the bias magnetic
field for the FeCo/Ni clad plate cantilever on harvesting efficiency, the
extra coil windings (B0) were used to excite a changeable bias magnetic
field. These results, as shown in Fig. 3, reveal the relationship between
voltage, bias magnetic field, and resonance frequency. At first, the
curves of the output voltage, at every frequency, show an upward ten-
dency at the start with increasing bias magnetic field and then reach a
peak. Following this, there is an obvious fall in the value of the output
voltage. This is more relatively accurate in comparison to other results
that examined the harvesting performance at certain points only. In
particular, the results in this study clearly indicate that the output
voltage has a maximum value with the increasing bias magnetic field.
This reason is related to the magnetic induction variation in response
to bending vibration. Namely, the magnetic induction variation exhib-
its a maximum at one point during this process. This phenomenon is
attributed to the dynamic balance between the stress and the bias
magnetic field in terms of magnetic domain rotation and wall motion.
First, the stress resulting from bending and the bias magnetic field
alternates as the dominant factor that drives the rotation of the
domain. Consequently, there is a dynamic balance around a position
to control the rotation of domain. Figure 4 shows a schematic illustrat-
ing this transformation for the rotation of the domain. In more detail,
this process depicts the rotation of domain, undergoing the increasing
stress, within several domain grains. It is assumed that the model is a
common d33 model, namely, the direction of stress is parallel to that of
the bias magnetic field. When the bias magnetic field is dominant, it
forces the magnetic induction vector to align in the same direction, as
shown in Fig. 4(a). In this way, even though the stress or bias magnetic
field varies, the domain is only able to rotate in a relatively minor angle
on one side of the initial position [see Fig. 4(d)]. In contrast, when the
stress is the dominant factor affecting the rotation, the arrows showing
the magnetic induction vector are always perpendicular to bias mag-
netic field [see Fig. 4(c)]. Similarly, the rotation of the domain is also
constrained, so restricting its movement to one side of the initial
position only [see Fig. 4(f)]. However, Fig. 4(b) indicates a so-called
dynamic balance between the stress and the magnetic bias field, which
differs from the previous two situations. Here, because these two
parameters are in a dynamic balance, the rotation of the magnetic
domain can move toward either side of the initial position (i.e.,
dynamic balance point), see Fig. 4(e). Thus, the rotation of the
domain, in this dynamic balance, exhibits a relatively wide angle which
results in a great variation of magnetic induction and the great output
voltage. On the other hand, both stress and magnetization can lead to
motion for the magnetic domain wall. In general, this motion for the
magnetic domain wall is clarified into two types: reversible and irre-
versible. Of those, the irreversible motion is referred to as the
Barkhausen jumps, which always gives rise to a larger variation in
magnetic induction. As a result, the dynamic balance between the
stress and the bias magnetic field leads to the specimens to be at a criti-
cal point of the reversible and irreversible motion for the magnetic
domain wall. When the stress and/or the bias magnetic field change,
there is a considerable variation in magnetic induction, which leads to
the peak of the output voltage. In conclusion, the reason for the
observed peak of the output voltage is attributed to the particular
dynamic balance of the stress and the bias magnetic field, where it gen-
erates greater magnetic induction variation during the bending vibra-
tion. This is why some researchers27 reported that a prestress has the
benefits of exciting greater output performance at a constant bias mag-
netic field (see the supplementary material).
On the other hand, Fig. 3 also indicates that the resonance fre-
quency is proportional to the bias magnetic field. It is not difficult to
conclude that there is an optimal resonance frequency at every bias
magnetic field. It seems that there is a correlation between these two
parameters. In order to clearly understand the relevant mechanism,
the optimal resonance frequency at every bias magnetic field is pre-
sented in Fig. 5. It is evident that the resonance frequency rises with
increasing bias magnetic field. This phenomenon can be explained
through the inherent characteristics of magnetostrictive materials.
FIG. 3. Output voltage as a function of the bias magnetic field and resonance
frequency.
FIG. 4. Schematic for the rotation of domain related to the bias magnetic field and
stress.
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Differing from traditional materials, the magnetostrictive materials
involve two kinds of deformation during bending vibration in a bias
magnetic field. They are referred to as common elastic strain and mag-
netostrictive strain. In addition, the magnetostrictive strain is not pro-
portional to the bias magnetic field. Therefore, the practical elastic
modulus with respect to the strain is a variable such that the resonance
frequency, corresponding to elastic modulus, differs with the increas-
ing bias magnetic field. Although the resonance frequency at every
bias magnetic field is different, there is an optimal combination such
that the output voltage has a maximum value at a frequency of 55.2Hz
and a bias magnetic field of approximately 4.5mT. In consideration of
the polycrystallinity of the FeCo/Ni clad plate cantilever, it is reason-
able to assume that the cantilever is in the state of the aforementioned,
dynamic balance in this situation during the bending vibration.
The effects of magnetization angle h on power generation for the
FeCo/Ni clad plate cantilever were also investigated in the range from
0 to 80. Figure 6 reveals that the curves of the output voltage for the
FeCo/Ni cantilever at every angle differ with the increasing bias mag-
netic field. Of these, the curve of the output voltage for every angle
reaches a peak before showing a downward tendency, which is attrib-
uted to the theory of dynamic balance as described above. In addition
to that, there is another feature that the width of every curve broadens
with the increasing bias magnetic field. It indicates that the sensitivity
to the bias magnetic field, for the FeCo/Ni clad plate cantilever, slightly
reduces with the increasing magnetization angle. Besides, the maxi-
mum output voltage, at every angle, declines with the increasing
magnetization angle, owing to the characteristic of demagnetization
within the FeCo/Ni clad plate cantilever. In general, the demagnetiza-
tion is only related to the shape factor. The effects of demagnetization
can be omitted when the length (i.e., magnetization direction) is far
greater than the width of the magnetostrictive materials. However, due
to the decreasing ratio of the length and width in the magnetization
direction, the demagnetization has to be considered. As a result, the
changeable magnitude of the magnetic induction, in response to the
bending vibration, reduces because of the cancelation of the magneti-
zation and demagnetization within the FeCo/Ni clad plate cantilever
which then leads to the decrease in the output voltage. To characterize
the difference in the maximum output voltage at every angle, the rele-
vant comparison is exhibited in Fig. 7. It reveals that the output voltage
has an obvious reduction when the magnetization angle ranges from
20 to 30, and from 60 to 70. In addition, the corresponding opti-
mal bias magnetic field is proportional to the magnetization angle.
These findings are mostly attributed to the effects of demagnetization.
According to the theory of the magnetic domain, to maintain the
systematical energy conservation, the magnetic domain is categorized
to the removable domain and immovable domain. Of these, the
demagnetization is the crucial factor responsible for the transforma-
tion between removable domain and immovable domain. From Fig. 7,
the reducing curve of the output voltage is attributed to the transfor-
mation from the removable domain to the immovable domain even
with the increasing bias magnetic field. Besides, there is also a staged
response in output voltage which reveals that the increasing bias
magnetic field is capable of offsetting the effect of the demagnetization
and then maintaining the similar output voltage. On the other hand, it
can be found that the variations both of both the output voltage and
FIG. 5. Variations of the output voltage and resonance frequency with increasing
bias magnetic field.
FIG. 6. Variation of the output voltage of the FeCo/Ni clad plate cantilever with the
increasing magnetization angle.
FIG. 7. Maximum output voltage of the FeCo/Ni clad plate cantilever as a function
of the bias magnetic and the magnetization angle.
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bias magnetic field are significant with the increasing magnetization
angle. This provides the possibility of designing a class of sensitive
detectors that examines the variation of the output voltage through the
adjustment of exterior parameters, such as bias magnetic field and
magnetization angle.
A type of the FeCo/Ni clad plate cantilever is studied in this
work, and the corresponding feasibility of harvesting vibration
energy is systematically investigated in comparison to the single
FeCo cantilever. The results indicate that the energy-harvesting
ability of the FeCo/Ni clad plate cantilever is far greater than that of
the single FeCo cantilever because of the enhancement in magnetic
induction variation between FeCo, with positive magnetostriction,
and Ni with negative magnetostriction in response to the bending
vibration. In addition, the output voltage of the FeCo/Ni clad plate
cantilever peaks at a point while the bias magnetic field constantly
increases. Furthermore, the resonance frequency of the FeCo/Ni clad
plate cantilever is proportional to the bias magnetic field owing to
the variation of elastic modulus stemming from the magnetostric-
tion. On the other hand, the output voltage of the FeCo/Ni clad plate
cantilever is inversely proportional to the magnetization angle. In
conclusion, this work provides insights into the exploration and
design, not only of the vibration-energy-harvesting components but
also of the sensitive detectors.
See the supplementary material for the material properties and
the theoretical model.
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